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Superiority of native soil core microbiomes
in supporting plant growth

Yanyan Zhou 1,6, Donghui Liu1,6, Fengqiao Li1, Yuanhua Dong2, Zhili Jin3,
Yangwenke Liao1, Xiaohui Li3, Shuguang Peng4 ,
Manuel Delgado-Baquerizo 5 & Xiaogang Li 1

Native core microbiomes represent a unique opportunity to support food
provision and plant-based industries. Yet, these microbiomes are often
neglected when developing synthetic communities (SynComs) to support
plant health and growth. Here, we study the contribution of native core, native
non-core and non-native microorganisms to support plant production. We
construct four alternative SynComs based on the excellent growth promoting
ability of individual stain and paired non-antagonistic action. One of micro-
biome based SynCom (SC2) shows a high niche breadth and low average
variation degree in-vitro interaction. The promoting-growth effect of SC2 can
be transferred to non-sterile environment, attributing to the colonization of
native core microorganisms and the improvement of rhizosphere promoting-
growth function including nitrogen fixation, IAA production, and dissolved
phosphorus. Further, microbial fertilizer based on SC2 and composite carrier
(rapeseed cake fertilizer + rice husk carbon) increase the net biomass of plant
by 129%. Our results highlight the fundamental importance of native core
microorganisms to boost plant production.

The soil microbiome is considered to hold vast potential to support
food production and plant-based industries1–3. Yet, we are still very far
from understanding what microbial taxa can help us to support plant
growth.Many of the commercial products are based on easy to culture
andnon-nativemicroorganisms for the locationwherein theproduct is
being applied4,5. This application provides an alternative to promote
plant health, nutrition, and growth6,7, through various mechanisms,
including the production of indoleacetic acid and siderophore, the
fixation of nitrogen, and the dissolution phosphorus8,9. However,
microorganisms adapted to a particular soil environment usually have
difficulties in colonizing new environments and translating their
functional capacities to other soils1,10. Moreover, inoculation of indi-
vidual beneficial microorganisms results in low colonization rates and
limited functional expression11,12. Native microorganisms, for example,

are known to be especially good in colonizing their soils and sup-
porting function, especially under poor soils13. However, how to
unravel the full potential to support food and plant-based industries
remains poorly understood.

Increased research has focused on the enhancement of host
growth and health function through SynComs with low complexity,
high controllability, and high repeatability characteristics11,14. SynComs
directly promote growth through beneficial functions, or amplify rhi-
zosphere community functions of specificmicrobial groups by driving
assembly of resident microbial communities15. However, how to select
themembers of the SynComs, what functional properties do they have
and their location in the community are particularly important for the
effective functioning of the SynComs. In fact, losing sight of the impact
of proper ecological niches of functional microorganism and their
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centrality in the interaction network may have adverse effects16. For
example, the removal of Enterobacter cloacae, a keystone species on
the roots of corn seedlings, led to the complete disappearance of the
community17. The rhizoplane microbiome directly touches the roots
and responds to the selectionof the rhizoplane-root niche18.Moreover,
the rhizoplane enriches amore specialized community, controlling the
entry of microorganisms relevant to root system activity19. Therefore,
it is necessary to focus on the rhizoplane niche to understand the laws
of assembly and interaction of microbial communities from soil to
rhizoplane, and utilize beneficial plant-microbial interactions to sup-
port plant growth.

Here, we posit that native coremicrobiomes associatedwith plant
rhizoplane may hold the solution to harness the full potential of soil
microbiomes to support plant growth. Native core taxa are expected
to rapidly colonize and largely survive in their soils20. Moreover, core
taxa solve one of themajor issues of current SymComs, the capacity to
support stable communities capable to survive in the soil for long time
periods21. Low microbial survival rates and cost per application limit
the contribution of soil microbiomes to support plant health and
productivity22,23. Therefore, it is of great economic and environmental
significance to search for low-cost, pollution-free, and sustainable new
carrier materials and construct efficient and stable composite micro-
bial fertilizer. Here, we seek to create a diverse and functionally stable
community, based on core taxa, to promote plant growth by restoring
microbial diversity, thereby providing beneficial services for plant
growth.

To address this knowledge gap, we use tobacco (Nicotiana taba-
cum L.), an important plant-based industry of the planet, as our model
system24. We adoptedmolecular statistics, culture isolation, and effect
verification to obtain a SynComs SC2 with stable growth-promoting
effects. SC2 increased the plant biomass by 76–91% in non-sterile
environments. Biomass increase is related to the growth-promoting
characteristics, pair compatibility, outstanding niche width, rhizo-
sphere colonization of native core microorganisms, and improved
growth-promoting function of the rhizosphere. Our results suggest
that SynComsbased on the native coremicrobiomeof rhizoplanes can
positively contribute to crop growth and further guide the improve-
ment of crop yield in sustainable agriculture.

Results
Bacterial diversity and community assembly from soil to
rhizoplane
To characterize the changes in microbial assembly processes of four
soil types, we analyzed the 16 S sequencing data from three root-
associated niches (Fig. 1a). After filtering, 2,963,984 high-quality reads
were clustered into 162,876 ASVs based on the DADA2 clustering
method. The Shannon and Chao1 indices showed a continuous
decreasing trend from soil to rhizoplane, and significantly decreased
by 37–76% in rhizoplane (P <0.001, Fig. 2a). Even thoughdifferent soils
contain different microbial communities, there was no difference in
their α-diversity at the rhizoplane, which indicates that plant rhizo-
plane can select a robust set of microbiota even across different soil
types (Supplementary Fig. 1). The PERMANOVA andNMDS sequencing
results showed that all samples differentiated primarily along the first
axis of NMDS, indicating that the niche strongly influenced the
microbial communities of all samples (Fig. 2b). In addition, the influ-
ence of soil type gradually decreased from bulk soil to rhizoplane
(Supplementary Table 1). These results indicate that the specific
recruitment of bacterial taxa on tobacco rhizoplane is robust despite
the influence of different soil types.

We then investigated bacterial community composition from soil
to rhizoplane, especially the bacterial microbial community in the
rhizoplane. The bacterial communities of bulk soil and rhizosphere
were mainly composed of Proteobacteria and Actinobacteria, which
accounted for 17.3–52.0% of the total relative abundance depending

on the soil type. The relative abundance of Proteobacteria and Firmi-
cutes in the rhizoplane were significantly greater as compared to bulk
soil and rhizosphere, and they dominated the rhizoplane bacterial
community (P <0.05, Supplementary Fig. 2).

Next, we determined the ASVs enrichment in plant rhizoplane in
each soil type. The difference analysis indicated that 9.6–20.1%
(230–319) of ASVs were significantly enriched in four different soil
types (P <0.05, Fig. 2c). Of these, 144 rhizoplane-enriched ASVs over-
lapped in at least three soils (P < 0.05, Fig. 2d). In addition, soil 4 has the
most specifically enriched ASVs (108), while soil 2 has the most
depleted ASVs (1378) (Fig. 2c, d). The overlapping ASVs were pre-
ferentially from Bacillus, Pseudomonas, Paenibacillus, and Pseudox-
anthomonas (Fig. 2e). These results indicate that plants grown in
different soils have a unique but overlapping core microbiome mem-
bership on the rhizoplane.

Acquisition of plant rhizoplane core ASVs
To further characterize the effects of plant selection on the bacterial
microbiome, we assessed the symbiosis patterns of bacterial commu-
nities from soil to rhizoplane (Fig. 1a). In order to exclude the influence
of low abundancemicroorganisms, ASVs presented in all soil types and
whose relative abundances add up to >0.01% in all samples were
retained. Therefore, 1103 ASVs shared across all soil type were selected
(Supplementary Fig. 3a). Notably, these taxa accounted for 18.0% of
ASV number and 64.6% of the total relative abundance in the total
rhizoplane (Supplementary Fig. 3b). In the soil continuum from bulk
soil to rhizoplane, the network complexity decreased significantly. The
complexity of the bacterial network in bulk soil was the highest
(average 51.90 degrees), and in rhizoplane was the lowest (average
18.31 degrees) (Supplementary Fig. 4). Notably, the number of hub-
nodes significantly reduced from the bulk soil to the rhizosphere to the
rhizoplane (Supplementary Fig. 4). The classification network of bulk
soil and rhizosphere was similar, with most nodes representing Acti-
nobacteria (29.8–34.2%) andProteobacteria (29.1–35.7%). However, the
classification network of the rhizoplane was preferentially composed
of Proteobacteria (64.4%) and Firmicutes (25.6%) (Supplementary
Fig. 4a). Compared to bulk soil, 93.3% of ASVs (168 out of 180 ASVs)
were significantly enriched at rhizoplane (Supplementary Fig. 4b).
Depleted index (DI) and difference index (DSI) were used to evaluate
the filtering and selection of taxa from bulk soil, rhizosphere to rhi-
zoplane. DI value decreased from bulk soil to rhizoplane, indicating
that the rhizoplane selectively recruits bacterial taxa frombulk soil and
rhizosphere (Supplementary Fig. 4c). Together, the results indicate
that despite the differences in soil types, plant rhizoplane harbors
similar bacteria that may have important functions for plant growth.

Combined with the results of network and difference analysis, 96
shared core ASVs enriched in tobacco rhizoplane (Fig. 3a). To obtain
these ASVs, we first isolated and purified 101 strains in the plant rhizo-
plane. These bacteria preferentially belong to Bacillus, Pseudomonas,
Microbacterium, Dyadobacter, and Chryseobacterium (Fig. 3b). To
determine the consistency of the core ASV and isolates, the sequences
of the two were compared in pairs. Based on 99% sequence similarity,
44 core ASVs were obtained. These matched ASVs preferentially
belonged toBacillus and Pseudomonas, and significantly enriched at the
rhizoplane (Fig. 3b). Considering the taxonomic diversity of the candi-
date strains, we selected 22 matched isolates (native core microorgan-
isms) and six non-matched isolates (native non-core microorganisms)
of different species (Fig. 3b). In addition, YC14 and YC20 (non-native
microorganisms) were derived from resource library of strains with
excellent growth-promoting ability in the laboratory. In summary,
30 strains were selected, belonging to 30 species and 18 genera.

Growth-promoting effect of candidate strains on plant
After scaled screening microorganisms colonized in tobacco rhizo-
plane, a total collection of 30 strains belonging to different specieswas
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used to study their growth-promoting potential on tobacco (Fig. 1c).
Compared with uninoculated plants, ten strains showed growth-
promoting effects on tobacco, nevertheless, the remaining strains did
not show significant promotion on shoot and root growth (Fig. 4a and
Supplementary Fig. 5). Interestingly, with the exception of YC14 and
YC20, all the growing-promoting strains matched the core ASVs. The

strains, YC2, YC4, YC5, YC8, YC10, YC12, YC15, YC19, and YC20
inoculation significantly increased tobacco net biomass by 8–46%
(P < 0.01, Fig. 4a and Supplementary Fig. 6). Among them, inoculation
with YC2 and YC8 significantly increased shoot and root dry weight by
41% and 70%, respectively. In addition, ten strains also significantly
contributed to the growth of total fresh weight of tobacco by
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promoting shoot and/or root fresh weight (P <0.01, Supplementary
Fig. 6). Consequently, we selected 10 strains of YC2, YC4, YCS, YC8,
YC10, YC12, YC14, YC15, YC19, and YC20 which significantly promoted
growth of tobacco to investigate their growth-promoting properties
and colonizing ability.

Colonization experiments of a single strain in rhizoplane revealed
that all growth-promoting strains were able to colonize on the rhizo-
plane of sterile seedling, and colonization rates began to stabilize after
3 weeks of inoculation (Supplementary Fig. 7). Among them, the
number of native core microorganisms YC15 and YC8 in the tobacco
rhizoplane increased by 10–15 times, which was significantly higher
than other strains. One month after inoculation, the number of native
non-core and non-native microorganisms on the tobacco rhizoplane
increased less than fivefold (Supplementary Fig. 7). Subsequently, we
investigated the capacity of IAA production, nitrogen fixation, solu-
bilized phosphorus, and siderophore production of ten strains
(Fig. 4a). Results indicated IAA content produced by seven strains
ranged from 4.08 to 24.6mg/L, among which YC10 produced the
highest content of IAA, followedby YC8. Six strains grewon a nitrogen-
free medium, but only the D/d ratio of YC5 was greater than 2, indi-
cating its strong nitrogen fixation ability. In addition, YC5, YC8, YC10,
and YC15 have the ability to solubilize phosphorus and produce side-
rophore (Fig. 4a).

Construction of SynComs and dynamics of in vivo interaction
In order to maximize the beneficial outcome of the growth-promoting
bacteria and exclude the inhibitory effect of metabolites of one strain
on the growth of others, we constructed SynComs based on the non-
antagonism between pairwise interactions (Fig. 1c). First, pairwise
interaction experiments indicated that most strains could coexist with
each other and showed positive interaction. However, there were
negative interactions between the two pairs of strains, namely YC19
and YC20, YC4 and YC12. Four SynComs were therefore constructed
after excluding two antagonistic interactions (Fig. 4b).

Secondly, to determine the resource complementarity and sur-
vival dynamics of strains in each SynCom,we continuously tracked the
survival status of the SynComs inmedium five times in a row for a total
of 15 days (Fig. 1d). Results revealed that relative abundance of strains
changed greatly within 3 days of inoculation and then tended to be
stable. Compared with other strains, the relative abundance of YC15,
YC20, and YC5 remained stable at a high level (Fig. 4c). However, the
relative abundance of YC2, YC4, YC12, and YC14 stabilized after sig-
nificantly decreasing within 3 days of inoculation. Further analysis of
the stability and niche breadth index of the SynComs showed that the
AVD index of SC2 and SC4 was significantly lower than that of SC3
(P < 0.01, Fig. 4d). Niche width showed the opposite trend, and the
niche width index of SC2 and SC4 was significantly higher than that of
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SC1 and SC3 (P <0.01, Fig. 4d). Thus, SC2 had the highest community
stability while SC3 had the lowest community stability.

Next, we conducted microbial interaction experiments
in vivo to test the growth-promoting ability of the SynCom itself
(Fig. 1d). SC2 inoculation significantly increased the shoot height,
dry weight, and root fresh weight of tobacco compared with

control and other SynComs treatments (P < 0.01, Supplementary
Fig. 8). Shoot and total dry weight in SC2-treated plants were 52%
and 83%, greater than the uninoculated plants (P < 0.01). How-
ever, SC2 inoculation did not significantly increase the shoot and
total fresh weight of tobacco (P > 0.05, Supplementary Fig. 8). In
conclusion, SC2, which significantly increased the net biomass of
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tobacco, was selected to study its stability in a non-sterile
environment.

SC2-mediated phenotypic transfer to non-sterile environment
To study whether SC2-related phenotypes transfer to non-sterile soil
conditions and whether SC2 drives the growth-promoting function of
resident microbial communities, we conducted a 45-day pots experi-
ment and measured the effects of SC2 inoculation on plant growth
phenotypes (Fig. 1d). Compared with the control, inoculation of
microorganisms (SC2 / Bacillus subtilis) promoted above and below
ground biomass (P < 0.01). In addition, SC2 inoculation increased the
aboveground biomass by 76%-91%, significantly higher than that of
commercial bio-organic fertilizer treatment (P <0.01, Fig. 5a and
Supplementary Fig. 9). Different from promotion of commercial bio-
organic fertilizer on plant root, SC2 inoculation had evident effect on
prompting growth of tobacco above part (P < 0.01, Fig. 5a). However,
inoculation with inactivated SC2 attenuated the growth-promoting
effect on tobacco.

Thus, we focused on the growth-promoting ability of tobacco
quality upon application of SC2. Indeed, the inoculated SC2 sig-
nificantly increased the soluble protein and total nitrogen content of

leaves (P < 0.01), but had no effect on the soluble sugar, reducing
sugar, and total potassium content (P > 0.05, Supplementary Fig. 10).
Especially, the ability of nitrogen fixation, IAA production, and dis-
solved phosphorus were significantly improved in tobacco rhizo-
sphere, with approximately doubled increase (P < 0.05, Fig. 5b).
However, the inoculated SC2 did not significantly enhanced activity of
physiological enzymes (Supplementary Fig. 10).

To understandwhether phenotypic transfer induced bymicrobial
inoculation is associated with the colonization of members of Syn-
Coms, rhizosphere and rhizoplane soils were obtained and sequenced.
The results revealed that YC2, YC8, and YC15 had more than 99%
sequence similarity to specific ASVs and the relative abundance were
significantly higher than control in rhizosphere and rhizoplane sam-
ples. It was noted that the sum of relative abundance of colonizing in
the rhizoplane was even greater than 40%, which was significantly
higher than in the rhizosphere (P < 0.001, Fig. 5c). In addition, the
colonization rate of SC2 in the rhizosphere decreased significantly
after the strains were inactivated (P < 0.001, Supplementary Fig. 11).
These results revealed that YC2, YC8 and YC15 dominantly colonized
on the tobacco rhizoplane. However, other strains were at a dis-
advantage in colonization in non-sterile environments. In addition,
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compared with other treatments, SC2 inoculation also significantly
increased the relative abundance of Gemmata, Bradyrhizobium, Pseu-
domonas, and Unclassified in Burkholderiaceae in the rhizosphere
(P < 0.05, Fig. 5d).

Compound microbial fertilizer stably promotes plant growth
Inoculation of carriers with plant beneficial bacteria could provide an
approach to maintain the survival of inoculants after their application
into fields. Therefore, we measured the survival of SC2 in organic,
inorganic, and composite carriers. For different carriers, SC2 reached
stable configuration at 10d (Fig. 6). Interestingly, the composite carrier
composed of rapeseed cake fertilizer and rice husk carbon was the
most favorable for SC2 survival, and was the only carrier with higher
survival rate than peat (P < 0.01). However, the survival rate of SC2was
the lowest in rapeseed cake fertilizer. In addition, except for the
composite carriers composed of rapeseed cake fertilizer and diato-
maceous earth, other composite carriers were more conducive to
SC2 survival than single organic or inorganic carriers (Fig. 6).

Next, pot experiments were conducted to test the growth pro-
motion effect of various microbial fertilizers in vivo. Consistent with
the survival state of SC2 in carriers, the growth-promoting effect of
composite microbial fertilizer composed of rapeseed cake fertilizer
and rice husk carbon on tobacco was significantly higher than that of
peat (P < 0.01), even thoughmicrobial fertilizer composed of rapeseed
cake fertilizer alone was not beneficial to tobacco growth (P >0.05,
Fig. 6 and Supplementary Fig. 12). In addition, microbial fertilizer
composed of cowmanure and diatomaceous earth and rapeseed cake
fertilizer and rice husk carbon significantly increased the aboveground
and total biomass of tobacco by 103–129% (P <0.01). Although fertili-
zers composed of peat, cow manure organic fertilizer, cow manure
organic fertilizer and diatomaceous earth, rice husk carbon, and
rapeseed cake fertilizer and rice husk carbon significantly increased
the aboveground dry weight and total dry weight of tobacco, the
growth promotion effect of fertilizer composed of composite carrier

was higher than that of single carrier (P <0.05, Fig. 6 and Supple-
mentary Fig. 12).

Discussion
Land degradation and reduced yields caused by intensive manage-
ment strategies hinder the sustainable development of agro-
ecosystems25. Harnessing the beneficial properties of soil micro-
organisms is considered a promising way to sustainably increase plant
production26,27. While many non-native beneficial microorganisms
show promise under sterile conditions, it is difficult to transfer bene-
ficial functions to the natural environment, wherein they can be out-
competed by native microorganisms facing difficulties during
colonization28. In different soil environments and niches, we selected
the native core and non-native microorganisms of tobacco rhizoplane
to construct alternative SynComs. We found that although the SC2
(Synthetic community, based on six native core microorganisms and
two non-native microorganisms) significantly promoted tobacco
growth in a non-sterile environment, the native core microorganisms
preferentially colonize the plant rhizosphere and rhizoplane. Our
study provides solid evidence that, regardless of their functional
potential, native core microorganisms have more opportunities to
colonize and develop growth-promoting potential in host roots,
compared with non-native microorganisms.

Direct screening of cultivable bacteria with specific functions
from sites of interest to construct SynComs often results in poor
application because the interaction of candidate strains in the native
community is not directly considered29,30. One way to circumvent this
problem is to design SynComs based on native core microbiomes,
which are common across soils and provide critical support to plant
communities31. Studies based on different hosts show that core taxa
can overcome environmental dependence and widely adapt to host-
related habitats20,32. Therefore, it is promising to identify the core
microorganisms involved in the assembly of the host microbiome and
manipulate them to produce applied benefits. The evaluation ofmaize
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microbiome in different soil types, climatic zones, and genotypes
showed that there was a highly conserved core taxa in maize xylem,
and that SynComs based on the core taxa promoted plant growth
through biological nitrogen fixation31. In our study, native non-core
microorganisms failed to promote tobacco growth, and only native
and non-native microorganisms were important supporters of plant
growth.Native coremicroorganisms have greater potential to colonize
tobacco rhizoplane and promote growth than non-native
microorganisms.

Microorganisms in SynComs interact in many ways, they can
inhibit each other by producing antibiotics, or support each other by
cross-feeding33. However, the application of SynComs is largely ham-
pered by losing sight of natural interactions among microbial
members34. In this study, paired antagonism experiments retained
bacteria that use each other’s metabolic resources to promote mutual
growth. In addition to this, SynComs as a whole faces niche competi-
tion and nutrient resources eaploitation35,36. In fact, in SynCom, it is not
themembers of the strongmetabolic capacity but themembers of the
efficient use ofmetabolites that predominate37. Therefore, the rational
and efficient use of resources, the reduction of resource overlap, and
the expansion of the basic niche size of SynComs were the main
determinants of success. Here, SC2 was selected for its superior niche
width, AVD index, and significant growth-promoting ability.

Localmicrobial communities tend tobe resilient in the faceof new
species, i.e. resistant to the input and restoring the original community
structure38,39. Therefore, changing the microbiome types of native
populations remains a major challenge for microbiome management.
Native core microbiomes have more potential than non-native
microbiomes because they have a home-field advantage and are,
therefore, more likely to interact with resident microbiomes13. In fact,
the non-native microorganism YC20 colonized disadvantageously in
non-sterile environments, both rhizosphere and rhizoplane. However,
the native coremicroorganismsYC2, YC8, andYC15 colonized strongly
in non-sterile environments. These native core microbiomes act as
pioneer symbionts to recruit potentially beneficial bacteria from the
local pool of potential microbial symbionts, including Gemmata, Bra-
dyrhizobium, and Pseudomonas40,41. In addition, the input of SC2 pro-
moted the release of nutrient elements and the increase of auxin
content. Therefore, SC2 promoted the growth of tobacco in the nat-
ural environment through the colonization of native core taxa and the
improvement of rhizosphere growth-promoting function.

Taken together, our study shows that native coremicroorganisms
have greater potential to increase plant yield than native non-core and
non-native microorganisms. This potential can be attributed to the
beneficial growth-promoting properties of the native core micro-
organisms, harmonious symbiosis within the community, and strong
colonization capacity. However, the native non-core microorganisms
do not have the ability to promote plant growth, and the non-native
microorganisms lose their efficacy due to the non-home environment.
This highlights the superiority of the native core microorganisms, and
how they deliver the desired beneficial outcomes as a community. In
summary, in the context of intensive farming and declining land
quality, the native core microorganisms can be used as an alternative
to optimize agro-ecosystem level production.

Methods
Experiment design and sampling strategy
Four types of soil were collected from representative fields (0–20 cm
depth) in Yongzhou, Hunan province, with a planting history of rice
and tobacco rotation (Fig. 1a). After removing the plant tissue and
sifting through a 10mm screen, the sampled soils were used for
greenhouse experiment. Tobacco seeds were sterilized twice in 70%
ethanol, rinsed in sterile distilled water, and then seeded on a nursery
substrate. After 2 months of cultivation in a greenhouse, tobacco
seedlings with matching sizes were selected, and each pot containing

2.5 kg of homogeneous soil (<10mm) was planted with one seedling.
Under the environmental conditions suitable for tobacco growth
(28 ± 3 °C), 20 pots in each soil were placed in random blocks in the
greenhouse.

Soil samples were collected 40 days after planting, and five
tobacco roots were randomly mixed as a sample with a total of four
replicates for each soil type. Gently shake the loose soils attached to
roots as bulk soil samples. For the rhizosphere soil samples, the roots
were rotated in 50ml sterile phosphate buffered saline for 5min, then
the root was removed and centrifuged at 4000×g for 5min. The roots
were then put into a centrifuge tube containing phosphate buffer
(25ml). Ultrasound was performed at 120W and 40 kHz (two times,
30 s). After the root removal, the remainingmaterialwas centrifuged at
4000×g for 10min, and the precipitation was used as the rhizoplane
soil. All samples were stored at −20 °C for DNA extraction.

Soil DNA extraction and amplicon sequencing
Soils (~500mg) were weighted to extract total DNA using a Fas-
tDNA®SPIN Kit (MP Biomedicals, Solon, USA). The barcoded primers
341 F (5’-CCTAYGGGRBGCASCAG-3’)/806R (5’- GGACTACNNGGG-
TATCTAAT-3’) were used to amplify the bacterial 16 S rRNA (V3–V4
region). The bacterial 16S rRNA gene were processed using USEARCH
v10.042 and QIIME243. Low-quality reads were discarded and paired
sequences were merged. Amplicon sequence variant (ASV) was gen-
erated using theDADA2pipeline and classifiedusing the Silva database
(v13.2). The sequence of all samples was flattened to the uniform data
volume for subsequent analysis.

Isolation and identification of cultivable rhizoplane bacteria
Tobacco rhizoplane soils were suspended in PBS buffer, and then
diluted to different concentrations (10−1−10−7) and plated on TSA agar
(Soya peptone: 5 g, NaCl: 5 g, Casein peptone: 15 g, Agar: 15 g, Water:
1000ml). After 3–7 days of culture, bacterial colonies were purified
according to the morphology of the colonies. The 16S rRNA region of
the obtained pure culture was amplified using 27 F (5’-AGAGTTT-
GATCCTGGCTC-3’) and 1492 R (5’-CGGCTACCTTGTTACGACTT-3’).
The quality of amplified sequences was detected by agarose gel elec-
trophoresis and sequenced in Sangon Biotech (Shanghai) Co., Ltd,
China. In order to evaluate the consistency of isolated strains and core
ASVs, the similarity between isolated strains and core ASVs was com-
pared in pairs using Multiple Alignment using Fast Fourier Transform
(MAFFT, https://www.ebi.ac.uk/jdispatcher/msa/mafft). When the
similarity between isolated strain and core ASV is greater than 99%,
they are believed to be the same strain (Fig. 1b).

Screening of tobacco growth-promoting bacteria
To maximize the diversity of candidate growth-promoting bacteria,
30 strains with different phylogeny at species level were selected.
Among them, 22 strains were defined as native core microorganisms
isolated from the tobacco rhizoplane with greater than 99% similarity
to the core ASV. Six strains were defined as native non-core micro-
organisms isolated from the tobacco rhizoplane with less than 99%
similarity to the core ASV. In addition, YC14 and YC20 are strains
preserved in the laboratory for their excellent growth-promoting
ability. In this study, they do not match any core ASVs and, therefore,
are defined as non-native microorganisms. These bacteria covered 18
genera and 30 species. Bacterial strains were cultured in tryptic soy
broth medium (TSB, 1.5 g/L tryptone, 0.5 g/L soytone, and 0.5 g/L
sodiumchloride) at 28 °C for 48 h. Bacterial cells were centrifuged, and
resuspended in appropriate sterile water to a final density of 108 cells/
mL as bacterial suspension. Tobacco seedlings and soil samples were
obtained from the tobacco institute in Yongzhou, Hunan Province,
China (26°42′N, 111°70′E). Tobacco seedlings with uniform growth
were selected to plant in pots containing sterile soil and vermiculite
(1:1, v/v). The experimentwas conducted in a randomized blockdesign
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with 279 tobacco (ca. of nine replicates per treatment, 31 treatments).
A volume of 10mL of bacterial suspension was inoculated at days 10
and 30, and the control was inoculated with equal amounts of sterile
water. Shoot height, shoot fresh anddryweight, and total freshanddry
weight were measured after 45 days of harvest.

Colonization of the rhizoplane by growth-promoting bacteria
In order to understand the colonization effect of ten grown-promoting
strains on tobacco rhizoplane, we first constructed sterile tobacco
seedlings. Tobacco seeds were sterilized with 75% ethanol (30 s) and
3% NaClO (15min, three times), then placed in 1/2 strength Murashige
and Skoog medium (MS) with 2% (wt/vol) sucrose and 0.8% (wt/vol)
agar. Seven days after germination, the seedlingswere transferred to 1/
2 strength MS medium with three seedlings per medium. The culture
was exposed to light at 22 °C for 16 h, darkness for 8 h, and continued
for 7 days. Ten strains of growth-promoting bacteria were activated for
fermentation at 30 °C and 170 r/min, and the concentration of bacteria
solution was adjusted to OD600 = 0.1 with sterile water. Each plant was
inoculated with 50μl bacterial suspension. Each treatment had three
replicates and each replicate had three parallels. From 14 to 28 days
after inoculation, thebacteriawere recoveredonceaweek for a totalof
three times. Tobacco roots were rinsed with sterile water to remove
floating bacteria. Then, the roots were placed in a PBS buffer for 5min
to extract the bacteria on the tobacco rhizoplane. After the roots were
removed, the suspension was diluted and coated to determine the
bacteria colonizing the rhizoplane.

Growth-promoting properties of rhizoplane bacteria
To understand the growth-promoting properties of these bacterial
candidates, the ability of nitrogen fixation, phosphorus solubilization,
siderophore, and IAA production of these strains were determined
(Fig. 1c). Azotobacter, Pikovskaya, and CAS agar plates were added
with two microliters of bacterial suspension and cultured at 28 °C for
5 days. Clear zones were observed on Azotobacter and Pikovskaya
plates, and yellow-orange halo were observed on CAS plates, indicat-
ing that the strain had the ability of nitrogen fixation, phosphorus
solubilization, and siderophore production, respectively44. The growth
promotion ability of bacteria was quantitatively determined by the
ratio (D/d) of clear zone or yellow-orange halo diameter (D) to colony
diameter (d). Strains were cultivated in a TSB medium containing
5mmol/L tryptophan. After culturing at 28 °C for 48 h, supernatant
wasobtainedby centrifugation at 10,000 r/min for 5min. Onemilliliter
supernatant with the same amount of Salkawski chromogenic agent
were placed in darkness for 30min for the IAA chromogenic reaction.
The color of the solution changes to pink as a positive reaction that the
strains produce IAA. The yield of IAA of different strainswas calculated
by standard curve45. All treatmentswere tested in quadruple repetition
with three parallels.

Determining pairwise interactions between rhizoplane growth-
promoting bacteria
In order to understand the type of pair interaction between growth-
promoting strains, i.e., convenience or antagonism, the growth of
strains in the supernatant of other strains was compared with alone
growth (Fig. 1c)46. In brief, after 48 h culture in TSA liquid media,
monocultures of all strainswere centrifuged to remove living cells. The
strain was cultured at 30 °C for 12 h and adjusted to OD=0.5 as over-
night cultures. Subsequently, 180 µl sterilemediumwas supplemented
with 20 µl supernatant of one strain and 2 µl overnight cultures of other
strains. The strain supernatant was replaced by a sterile medium of
equal quantity as control. All treatmentswere cultured at 30 °C for 24 h
(170 rpm), and the optical density was measured at 600nm. The type
of paired interaction between the two species was determined by
calculating the ratio of supernatant-treated bacterial concentration
OD(YC+ supernatant) with the single bacterial concentration OD(YC). We

expected that the interaction would be facilitative if OD(YC+ supernatant)/
OD(YC) > 1 and antagonistic if OD(YC+supernatant)/OD(YC) < 1. All treat-
ments were tested in triplicates.

Determination of stability of SynCom in vitro
Four SynComs (SC1–SC4) were initially assembled according to the
principle of non-antagonism between pairwise interactions in Syn-
Coms (Fig. 1d). The ten strains were separately activated in TSA liquid
medium for 48 h and the optical density was adjusted to 1 (600 nm).
Equal volumes of each strain were pooled to generate community
working stock, resulted in a total of four SynComs. Community
working stock was inoculated into 50ml of sterilized TSA liquid
medium at 2% inoculum. The co-culture system without microorgan-
isms was used as control (Control). For each SynCom, three 10mL
cultures were collected at 0, 3, 5, 10, and 15 d, and total no. 60 cultures
were processed for amplicon sequencing. The 16S rRNA sequence of
each strainwas compared with the OTUs sequence in cultures, and the
strain with a matching degree of more than 97% was retained. The
relative abundance of the retained strains was dynamically examined
to determine the survival status of the strains in the SynComs.

Determination of interaction effects of SynComs in vivo
We further investigated in vivo interactions of SynComs based on
sterilized control experiments (Fig. 1d). For the suspension of Syn-
Coms, after mixing a single bacterial culture of equal volume
(OD600 = 1), the final inoculation concentration of the mixture was
adjusted to OD600 = 1. All treatments inoculate equal amounts of the
mixture. Consistent with an assessment of the growth-promoting
ability of individual bacteria, inoculation with sterile water was con-
sidered as the control. Five block groupswere randomly designedwith
nine replicates per block group. The status of plant growth was mea-
sured after 45 days of harvest.

Evaluation of SC2 on tobacco growth in a non-sterilized
environment
To investigate the stability of growth-promoting function of SC2 in
non-sterile environment, we conducted a 45-d pots experiment using
an unsterilized soil and vermiculite (1:1, v/v, Fig. 1d). There were four
different treatments: ISC2, inoculation of inactivated SC2; SC2, SC2
inoculation; COF, commercial organic fertilizer containing Bacillus
subtilis; CK, without adding fertilizer substrate as a control. Except for
the control, the inoculated amounts of other treated bacteria were
consistent. A randomized complete block design was employed to
conduct the pot experiment with nine replicates. As described above,
growth indicators and growth-promoting properties of the tobacco
weremeasured after harvest. In addition, the fresh tobacco leaveswere
grouped into two parts. One portion was stored at −80 °C for the
determination of soluble sugar, reducing sugar content, protein con-
tent, and defense enzyme activity, and another portion was decolor-
ized for the determination of nicotine, total nitrogen, and total
potassium. Tobacco rhizosphere (all treatment) and rhizoplane (only
samples of control and SC2 treatment) soil was extracted for amplicon
sequencing of bacterial communities. The 16S rRNA sequence of the
strain matched with ASV and the relative abundance > 1% were the
indicators of bacterial colonization.

Plant physiological and biochemical response to SC2
inoculation
Total soluble protein was determined using bovine serum albumin as a
standard47. The content of soluble sugar was determined by a throne
method, absorbance of the mixture was determined at 620 nm48.
Reducing sugars were determined using the method adopted by Jan
and Roel49. Superoxide dismutase (SOD) and peroxidase (POD) activ-
ities were determined according to the method of Kochs et al.50 and
Wang et al.51, respectively. One unit of SOD and POD activity was
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defined as an absorbance of 0.01 per minute in OD560nm and
OD470nm, respectively. Using the colorimetricmethod, tobacco leaves
were dried and crushed for the determination of nicotine content52.

Survival of SC2 in different carriers
The bacterial inoculants were prepared in following formulations: C1,
peat; C2, cowmanure organic fertilizer; C3, rapeseed cake fertilizer; C4,
diatomaceous earth; C5, rice husk carbon; C2 +C4, cowmanure organic
fertilizer + diatomaceous earth (organic fertilizer: diatomaceous
earth = 1:1, v:v); C3 +C4, rapeseed cake fertilizer + diatomaceous earth;
C2 +C5, cow manure organic fertilizer + rice husk carbon; C3 +C5,
rapeseedcake fertilizer + rice husk carbon.Onehundredgramsof sterile
pure carriers andmixed carriers (equal amount of mixture) were added
into theflask, and 5ml SC2was inoculatedwith eachcarrier. After 10, 20,
40, and60daysof inoculation, the number of viable bacteria indifferent
carrier fertilizers was determined by the dilution coating boardmethod.
Two-gram carrier fertilizers were added to a triangular flask containing
20mL of sterile water. Carrier fertilizer was shaken 2h as 10−1 bacterial
suspension. Bacterial suspension continuously diluted to 10−6 was
applied to the TSA medium. Colonies were counted after 2 d of incu-
bation and three parallels were set for each treatment.

Effect of different microbial fertilizers on tobacco growth
Water conditioning is performed on all sterile carriers to ensure that
the water content of the carriers remains consistent. SC2 suspensions
were inoculated into carries in 5% proportion and cultured for 3 days
after full mixing to prepare microbial fertilizer. Uniformly grown
tobacco seedlings were planted in pots filled with substrates mixed 1:1
(v:v) with tobacco soil. Tobacco roots were sprinkled with 10 g of
microbial fertilizer made from the above nine types of carriers, and
tobaccos without fertilizer were used as control. Each microbial ferti-
lizer was performed using a randomized complete block design with
nine replicates. Plants were harvested at 30 d and tobacco related
growth promotion indicators were measured.

Statistical analysis
All statistical analyses in this study were carried out in R v.3.6.3. Alpha
diversity was calculated based on the rarefied ASVs table using the
veganpackage. The Bray-Curtis distancematrix was calculated and the
β-diversity of the community was analyzed by non-metric multi-
dimensional scaling (NMDS). Permutational multivariate analyses of
variance (PERMANOVA) were used to examine the difference in com-
munity structure. The R package DESeq2 was used to compare dif-
ferences in the relative abundance of ASVs. Only ASVs with P <0.05
(FDR-adjusted) and log2 (fold change) >2 or <−2 were regarded as
significantly difference.

The SparCC was used to assess the complexity of co-occurrence
networks of different niches. To exclude the effect of low abundance
ASVs in the network, the ASVs of the sumof relative abundance>0.01%
and present in all soil types were retained. Nodes were retained based
on statistical significance (P < 0.05) and robust correlation coefficients
(r > 0.6 or r<−0.6). In addition, indexes (the number of edges and
nodes, modularity and average degree, etc.) were used to characterize
the topology of the co-occurrence network. The network was visua-
lized in Gephi53. The ratio of depleted ASV to enriched ASV is used to
represent the depletion index (DI). The ratio of the number of differ-
ential ASVs to the total number of ASVs is used to represent the dis-
similarity index (DSI)54.

The average variation degree (AVD) were calculated to examine
microbial communities stability according to the method of ref. 55. A
lower AVD value indicates higher microbiome stability. The “niche
breadth index” was calculated using “spaa” R packeage56. One-way
analysis of variance (ANOVA) was used to compare significant differ-
ences between control and different inoculation treatments.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The raw reads from Illumina sequencing described in this study have
been deposited in the NCBI database under accession code
PRJNA941096. Source data are available in ‘figshare’with the identifier
https://doi.org/10.6084/m9.figshare.26097025. Source data are pro-
vided with this paper.

Code availability
Codes used in this study are available in the Figshare database (https://
doi.org/10.6084/m9.figshare.25751679).
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